This mini review outlines the current state of knowledge pertaining to the molecules and mechanisms maintaining a positive calcium balance throughout postnatal development. This process is essential to achieving optimal bone mineral density in early adulthood, thereby lowering the lifetime risk of osteoporosis.
Introduction
Calcium is necessary for a multitude of essential physiological functions including bone mineralization, blood coagulation, neuronal transmission, muscle contraction, and intracellular signalling. 1 Approximately 99% of total body calcium is found within bone where it is an essential component of the structural matrix. The remaining 1% of total body calcium is in corporal fluids and soft tissues. 2 Given the essential structural role of calcium in bone, this micronutrient is especially important during periods of growth. Bone calcium deposition rate is highest in the fetus 3 and postnatal deposition is greatest in the neonate with a roughly 3-fold decrease by one year of age. Another 50% decrease occurs by age 10 and bone deposition further declines to a rate ten-fold less than in the initial neonatal period by early adulthood. 4 Infancy and childhood are thus critical years to achieving and maintaining a positive calcium balance enabling long-term bone health. 5 Failure to achieve appropriate calcium deposition into bone confers an increased risk of osteopenia later in life. 5 Although osteopenia is traditionally thought of as a problem of aging populations, an estimated 60% of this risk is attributed to the magnitude of peak bone mass reached in early adulthood. 6 Importantly, after peak bone mineral density (BMD) is achieved in early adulthood, it remains largely stable as a neutral calcium balance is maintained. Women will experience bone mineral loss during pregnancy and lactation with subsequent gain afterwards and then further permanent loss around menopause. Men lose BMD approximately 10 years post the perimenopausal decline in women. 4, 7 Thus, bone disease in children is particularly concerning as a failure to achieve a healthy peak bone mineral content predisposes an individual to bone disease later in life.
Serum calcium is tightly regulated by a set of complex interactions between the intestine, kidneys, and bones. 1 Ingested calcium is absorbed from the intestine into blood making it available for its various functional and structural roles. After calcium in plasma is filtered by the renal glomerulus, it is either reabsorbed back into the blood or excreted in the urine. If intestinal and renal calcium losses are greater than intestinal absorption, a negative balance ensues and calcium is sacrificed from bone to maintain blood levels. Conversely, a positive calcium balance is fundamental to ensuring adequate plasma calcium to mineralize bone throughout development.
Previous reviews have discussed calcium homeostasis during fetal development, 3 during pregnancy and lactation, 7 and in aging; in particular, how alterations contribute to the development of osteoporosis. 8, 9 However, much less has been written on how a positive calcium balance is achieved during postnatal development from infancy to adulthood to facilitate optimal peak bone mineral content. Here, we first briefly review the mechanisms of calcium transport in the intestine and renal tubule in adults. Then, we describe our current knowledge of calcium handling during postnatal development from infancy to adulthood and possible mechanisms mediating alterations in calcium transport during this time.
Intestinal absorption
Calcium transport across epithelia occurs along the length of the small intestine. However, each intestinal segment does not contribute uniformly to overall absorption. Intestinal perfusion studies in healthy adults demonstrate that, when normalized to segment length, the duodenum is the site of the highest rate of absorption. 10 The jejunum and ileum also transport calcium in humans, the magnitude and direction of which depends on calcium intake. 11 Colonic perfusion studies in healthy adults did not find significant absorption under conditions of normal calcium intake; however, this segment appears to contribute net absorption when dietary calcium is low. 12, 13 To date, studies in healthy human infants have not assessed the contribution of individual intestinal segments to calcium absorption. 14, 15 Studies in adult rodents have examined the contribution of intestinal segments to net absorption. In rats, Ussing chamber studies on duodenum revealed net absorption of calcium while net secretion has been observed in the jejunum and ileum. [16] [17] [18] However, net absorption may occur in the ileum under conditions of low calcium intake. 18, 19 The cecum was found to be the major site of net absorption. 20 No net flux has been found in proximal or distal colon. 18, 20 In mice, Ussing chamber studies found net secretion in the jejunum while the cecum contributed significantly to net absorption. Importantly, these studies often employed conditions lacking a transepithelial electrochemical gradient, where calcium flux across duodenum, ileum and colon was not significantly different to zero. 21 However, it should be recognized that the overall contribution of each segment to calcium absorption will vary based upon intraluminal calcium solubility, calcium concentration, transit time, the transepithelial permeability to calcium and potential difference across the epithelia. 22 Importantly, in vivo after a meal, there will be a large lumen to blood calcium gradient and the transepithelial potential difference across the intestine is lumen negative. Further, due to its length, the sojourn time is greatest in the ileum. Thus, this segment is said to be the site of greatest calcium absorption under physiological conditions of adequate calcium intake. 22 Absorption from the intestinal lumen can follow one of two pathways. Transcellular absorption occurs via calcium influx into the enterocyte, intracellular shuttling, and finally basolateral extrusion. This pathway can therefore move calcium against a concentration gradient, for example when calcium intake is low. Absorption can also occur via a passive, paracellular route, whereby tight junction proteins facilitate or block the movement of calcium between epithelial cells. 23 Ussing chamber studies in rats demonstrate approximately one-third of net absorption from the duodenum and half the absorption from the cecum occurs via the transcellular route. 16, 20 Calcium absorption and secretion into the jejunum and ileum occurs via the paracellular pathway. 17 
Transcellular calcium absorption
Studies delineating the proteins involved in intestinal calcium absorption have been largely carried out in animal models, predominantly rodents. The current model of transcellular calcium absorption involves apical entry into the enterocyte, intracellular binding to a buffering protein, shuttling across the cell, and finally basolateral extrusion. Calcium entry into the enterocyte is mediated, at least in part, by the transient receptor potential vanilloid 6 (Trpv6) calcium channel that is maximally open under hyperpolarizing conditions. 1 In humans, TPRV6 mRNA has been observed exclusively in the duodenum of adults. However, Trpv6 mRNA has been identified in the duodenum, cecum, and colon of two-and three-month-old mice. 21, 24 Apical staining of TRPV6 occurs in the villi of duodenum but not ileum of rabbits. 25 Trpv6 knockout mouse models have been generated. One model, reported by Bianco et al., displayed decreased intestinal calcium absorption compared to wildtype mice after oral gavage, when the mice were maintained on either a normal or low calcium diet. These animals had lower serum calcium when fed a low calcium diet. In addition, the Trpv6 knockout mice at 95 days of age had lower femoral BMD on a regular calcium-containing diet. 26 Using the everted sac method, transcellular calcium transport in the duodenum of these Trpv6 knockout mice was significantly reduced when they were fed a low calcium diet. 27 Although reduced, the presence of residual net luminal to serosal calcium flux in these Trpv6 knockout mice suggests the presence of another apical calcium influx mechanism. Another model genetically engineered to lack functional TRPV6 by expressing a non-functional channel pore displayed significantly reduced in vivo calcium absorption compared to wildtype mice. However, in this model femurs from six-month-old male mice did not show changes in cortical or trabecular mineralization. 28 Calcium absorption was not completely abolished in this model either, providing further evidence of a compensatory role for the paracellular pathway or another apical influx mechanism. 29 The apical L-type calcium channel, Ca v 1.3 may also contribute to intestinal calcium absorption under depolarizing conditions, thereby playing a complementary role to TRPV6. 30 Consistent with this, immunocytochemistry of male rats demonstrates Ca v 1.3 in the jejunum and proximal ileum, but not in duodenum, cecum, or colon. 31 Further, perfusion of adult rat jejunal loops confirmed that calcium flux was reduced by 72% upon addition of an L-type calcium channel blocker. 31 Similarly, in Caco-2 cells, a model of human colonic epithelia, unidirectional calcium flux was increased by prolactin administration and this increase was prevented by pharmacological inhibition or knockdown of Ca v 1.3, an effect not observed by the knockdown of Trpv6. 32 Intracellular buffering and shuttling of calcium in intestinal epithelial cells is mediated by Calbindin-D 9K (CaBP9K). 33 This facilitated diffusion of calcium across the cell prevents apoptosis due to increased cytosolic-free calcium. 1, 33 CaBP9K expression has been detected in adult human, rat, and mouse duodenum but not jejunum or ileum of either humans or rodents. 21, 24, 34 Expression is also detected in the cecum and proximal colon of mature mice. 21 Further, CaBP9K colocalizes with Trpv6 in rabbit duodenum. 25 In vivo calcium absorption studies in 12-week-old CaBP9K knockout mice showed no difference to wildtype mice, suggesting that CaBP9K is not essential for intestinal calcium absorption. 35 The basolateral extrusion of calcium from the enterocyte is mediated by plasma membrane Ca 2þ -ATPase (PMCA1) and the Na þ /Ca 2þ exchanger (NCX1) 1. 1, 36 In humans, PMCA1 is expressed in the duodenum, ileum, and colon, whereas in the mouse Pmca1 is expressed along all segments of the small and large intestine. 24 In the duodenum of rabbits, PMCA colocalizes with TRPV6 and CaBP9K. 25 PMCA1 is necessary for calcium absorption. Duodenal calcium transport, determined by the everted sac method, of intestinal specific Pmca1 KO mice was reduced by almost 50%. Consequently, this led to decreased total and femoral BMD in the knockout mice compared to wildtype mice. 37 
Paracellular calcium absorption
Paracellular calcium absorption is a passive process occurring down an electrochemical gradient. It is considered the major route of absorption when calcium intake is high. 38 A luminal free calcium concentration of at least 1.74 mM is required to overcome the approximately À5 mV transepithelial potential difference present across the small intestine. 23 Sodium-driven water absorption plays a significant role in this process as it increases the luminal calcium concentration from proximal to distal segments of the intestine and paracellular water flux itself facilitates paracellular calcium absorption via solvent drag. 39 Consistent with this, mice null for the epithelial Na þ /H þ -exchanger (Nhe3), which mediates intestinal sodium and water absorption, have decreased calcium flux across duodenum and cecum. 39 Paracellular flux requires not only a driving force but also a paracellular pore. Tight junction proteins called claudins (Cldn) form selective pores that mediate paracellular calcium movement. 23 Claudins-2, -12, and -15 have been implicated in intestinal calcium absorption. All three of these claudins are expressed along the length of the small intestine and colon of adult mice although Cldn15 has higher expression in the proximal intestine. 21, [40] [41] [42] [43] In humans, CLDN2 and CLDN15 mRNA are more highly expressed in the proximal segments of intestine, whereas CLDN12 is expressed throughout the small and large intestine. 44 When overexpressed in an epithelial cell model, Cldn2 and Cldn12 increase the tight junction selectivity for cations, decrease transepithelial resistance and increase calcium permeability. 40, 45 Overexpression of Cldn2 but not Cldn12 also increases relative sodium permeability, suggesting that it forms a more specific cation permeable pore. 40 Further, compensatory increases in Cldn2 and Cldn15 were observed in the duodenum of adult CaBP9k KO mice, suggesting the possibility of a cooperative interaction between the transcellular and paracellular calcium absorption pathways. 46 
Changes in intestinal calcium absorption during postnatal development
While most investigations of intestinal calcium absorption are carried out in adult subjects or mature animal models, existing studies highlight clear changes with age in both the absorption of calcium from intestinal segments and the expression of molecules participating in intestinal calcium absorption. Table 1 summarizes changes in expression of molecules implicated in intestinal calcium absorption throughout development. Dual isotope studies in very low birth weight infants found that the achievement of a net positive calcium balance was primarily determined by the magnitude of intestinal calcium absorption. The authors observed high intervariability of calcium balance between subjects, although a large range of birth weights (750-1750 g) lends the possibility that some variability might be due to differences in developmental age. 14 Still, this study highlights that the intestine plays a major role in determining overall calcium balance in infants. Further, small and premature infants require higher dietary calcium in order to maintain a positive balance, consistent with an inability to upregulate the active, transcellular pathway and that infants rely on passive, paracellular absorption to meet their requirements. 15 It is important to note, however, that intestinal absorption in preterm infants may be more representative of fetal physiology. 3 None the less, a decline in the predominance of the paracellular pathway is observed from childhood to adulthood as the coefficient of intestinal calcium absorption (a measure of intestinal calcium permeability) measured by dual isotopes decreased by more than 50% between the ages of 12 and 80 years of age. 47 Balance studies in rats found that the fraction of calcium absorption from the intestine was approximately 50% of intake at three weeks of age, peaked at 70% at five weeks, and then declined to about 40% by seven weeks. It is noteworthy that calcium retention mirrored intake. 48 The results of these studies demonstrate that intestinal calcium absorption changes with age to meet the requirements for bone mineralization during periods of growth.
Complementing this work, functional measures of calcium transport across intestinal segments have been performed on rodents to measure changes with age. Using the everted sac technique in rat duodenum, greater net calcium absorption was observed in three-and five-week-old pups compared to 8-week-and 15-month-old mature animals. 49 Using in situ ligated loops of rat duodenum, no evidence of saturable absorption was found in three-or five-day-old rats. In this study, the saturable component (which represents transcellular absorption) was first observed in rats at 19 days of age and became proportionally greater with increasing age until maximum flux was observed between 24 and 40 days of age. 50 Expression of the intracellular calcium binding protein, CaBP followed the same pattern consistent with an increasing contribution of transcellular absorption from the duodenum with age. 50 Similarly, using in situ loops of rat duodenum, there is no evidence of transcellular calcium uptake in pups at 14 days while linear regression of absorption at different luminal calcium concentrations suggests a transcellular pathway present in pups only at 18 days. By weaning at 21 days, intestinal calcium absorption had switched from predominantly nonsaturable diffusion to predominantly transcellular. 51 At one month of age, both paracellular and transcellular pathways appear to be present in the duodenum along with CaBP expression, while in the ileum, only non-saturable absorption seems to occur and CaBP is not present. 51 Everted sac studies of rat duodenum similarly found active transport, measured as the serosal to mucosal ratio of 45 Ca 2þ flux, decreased 4.5-fold from 3 weeks to 3.5 months of age. This was accompanied by a similar decrease in CaBP protein. 35, 52 Active absorption from the duodenum of rats appears to continue to decrease through aging. 53 A study of everted duodenum and jejunum from suckling (two-week), weanling (three-week), adolescent (six-week), and adult rats revealed that in the suckling rat, unidirectional lumen to serosal calcium flux is predominantly nonsaturable suggesting paracellular absorption. At weaning, a transition to predominantly saturable absorption occurred, suggesting a larger contribution of a transcellular pathway. 54 Concurrently, the calcium permeability of duodenum and jejunum decreases with age. 54 Thus, the results of this study are indicative of a transition from initial passive diffusion to a transcellular process in the proximal small intestine through development, then back to diffusion in adulthood. Consistent with this, using the in situ ligated loop technique in 16-day-old rat pups, net calcium absorption was found from the duodenum, jejunum, and ileum with net secretion in the colon. The jejunum appeared to be the segment of greatest net absorption which increased when luminal sodium decreased, independent of mannitol flux. 55 Thus, limited evidence supports transcellular calcium absorption from the distal small intestine prior to weaning. This is in contrast to net secretion from the jejunum and net absorption in the cecum in adult rodents. 17, 20, 21 Together, the current evidence suggests that intestinal calcium absorption is significantly altered throughout early development, likely to maintain a positive calcium balance. In particular, weaning in rodents appears to be a time of rapid change. Figure 1 depicts the current state of evidence of net absorption and secretion by intestinal segment before and after weaning.
While functional changes in intestinal calcium absorption have been described throughout development, very few studies have examined the molecular details conferring these changes. When expression was examined at one, three, six, and eight weeks of age in mice, Trpv6 mRNA was detected only after one week with a peak at three weeks. A similar pattern was observed for both the gene and protein expression of CaBP9K. Unfortunately, the authors simply state ''intestine,'' so it is not clear which segment was examined or if a mixture of intestinal segments employed and thus specific conclusions about changes in specific segments from this work are difficult to make. 56 In a separate study of mice, mRNA expression of Trpv6, CaBP9K, and Pmca1 in duodenum is first noted at 14 days and peaks at 21 days. 57 At six weeks of age, CaBP9K was highly expressed in duodenum with a small amount in jejunum and cecum. At 44 weeks of age, CaBP9K expression is no longer detected in jejunum and cecum but remains in duodenum. 35 With respect to paracellular transport, a single study has looked at the expression profile of claudins in the jejunum of mice at one day, two weeks, and one and three months of age. The authors noted a decrease in Cldn2 but increases in Cldn12 and Cldn15 with age. Of note, Cldn19 (a claudin that mediates calcium transport across the thick ascending limb of the renal tubule) was observed at 1 day and 14 days of age, whereas expression of this gene is not found in intestinal segments of adult mice. 42 Together, expression studies highlight that the molecules mediating intestinal calcium absorption are not constant throughout development. Similar to results of functional studies, important changes appear to occur around the age of weaning, which are largely consistent with a change from paracellular to transcellular calcium flux in the duodenum and jejunum as well as a transition from net absorption to net secretion in the distal small bowel.
Potential mediators of changes in intestinal calcium absorption during postnatal development
Studies in rodents and humans demonstrate alterations in intestinal calcium absorption from neonatal through adult ages. However, what mediates the changes observed in expression of calcium transport genes that contribute the functional changes in absorption at these ages has not been delineated. Extensive research has been conducted into the role of vitamin D and its active hormone, calcitriol, in mediating intestinal calcium transport. 58 It is well established that decreased serum calcium causes an increased release of parathyroid hormone (PTH), which acts on the kidney to increase transcription of Cyp27b1, which then converts vitamin D to its active form calcitriol, which increases intestinal calcium absorption (as reviewed in Kopic and Geibel 2 ). In mice with a nonfunctional vitamin D receptor (VDR), the phenotype of poor weight gain and decreased BMD is only evident after weaning, highlighting that calcium absorption while suckling is not calcitriol dependent. 3, 59 In adult mice, calcitriol acts to increase intestinal calcium absorption by increasing the transcription of Trpv6 and CaBP9K in the duodenum and cecum. 17, 20, 24, 60 Expression of these genes is not detected in mice prior to weaning when calcium absorption occurs via passive, paracellular diffusion. 3, 61 Further, consistent with calcitriol not participating in intestinal calcium absorption pre-weaning, using the everted sac technique in duodenum, Halloran et al. observed that calcitriol injections increased active and total calcium uptake of six-week-old mice but not 14-day-old pups. 62 It is recognized that lactose present in milk or the diet facilitates increased calcitriol-independent calcium absorption. This is of particular importance during the neonatal period (as reviewed in Kovacs 3 and Allen 63 ). Lactose also facilitates increased calcium absorption from the ileum of adult rats, a section of the intestine where the paracellular pathway predominates. 64 In addition, ingested lactose augments calcium absorption thereby rescuing the calcium phenotype of VDR mutants. 60, 65 However, whether the absence of lactose after weaning mediates molecular alterations in calcium transport pathways is not known.
Calcitriol has also been proposed to affect the paracellular pathway thereby enhancing calcium absorption. 40 This finding is based on the observation that VDR knockout mice have lower expression of Cldn2 and Cldn12 in the small intestine and colon, and that the treatment of a colonic epithelial cell culture model with calcitriol increased Cldn2 and Cldn12 expression. 40 However, the injection of exogenous calcitriol into adult mice did not effect a change in Cldn2 or Cldn12 mRNA expression in duodenum. 24 This apparent discrepancy may be reconciled by the idea that, in vivo, there is a maximal effect of calcitriol to upregulate the Duodenum Jejunum Ileum Cecum Colon
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Lumen Figure 1 Net calcium absorption and secretion by intestinal section during suckling and after weaning. A pictorial representation of current evidence. Absorption is represented by a downward arrow indicating net movement of calcium from lumen to serosa. When both transcellular and paracellular pathways are present in a segment, a larger arrow indicates the predominant pathway. Note that the transcellular pathway in the duodenum pre-weaning occurs after 1-2 weeks of age in rodents. The dashed line indicates that evidence supporting the pathway is limited. Evidence for calcium absorption in the cecum is from animal models only. Weaning is at 21 days in rodents. ND: no data. (A color version of this figure is available in the online journal.)
transcription of these genes. Regardless, the potential role of calcitriol as a regulator of paracellular calcium absorption throughout development has not been characterized, but given the lack of an apparent role in transcellular absorption it is unlikely important for the changes in paracellular absorption observed. Prolactin is a peptide hormone that is present in high amounts in early breast milk, but has a declining concentration through lactation. 66, 67 It consists of several isoforms produced via alternative splicing, proteolytic cleavage, and post-translational modifications. 68 Maternal prolactin is absorbed and bioactive in neonatal rats where the prolactin receptor is present on epithelial cells throughout the small and large intestines as well as the duodenum and colon of humans. 67, 69 Prolactin directly alters the expression and activity of mediators of both transcellular and paracellular calcium absorption in the intestine of both sexes via intracellular signalling molecules including PI3K. 32, 70, 71 Provision of exogenous prolactin increases net intestinal calcium absorption at three weeks of age in rats but decreases fractional absorption at five and seven weeks. In the same study, inhibition of endogenous prolactin production with bromocriptine decreased fractional absorption at three and five weeks but increased absorption at seven weeks of age. 48 Similarly, in suckling rat pups, bromocriptine treatment decreased net calcium absorption from jejunum while the administration of bromocriptine with exogenous prolactin returned net calcium absorption to baseline. Under conditions where only exogenous prolactin was present, net calcium absorption from the duodenum was absent. 55 This study illustrates the potential for endogenous and exogenous prolactin to confer different effects on intestinal calcium absorption. In adult mice and in human cell culture models, endogenous prolactin appears to increase calcium flux through an L-type calcium channel, presumably Ca v 1.3. 32, 71 Moreover, the induction of hyperprolactinemia in mice led to increased femoral total calcium content whereas bromocriptine treatment lowered total lumbar calcium, suggesting a role for prolactin in mediating mineral accrual into bone. 48 Taken together, these results infer that exogenous prolactin in breast milk may stimulate calcium absorption from the intestine by non-traditional mechanisms and its withdrawal may lead to the more typical calcium absorption mechanisms seen in adults.
Renal reabsorption
Calcium filtered by the kidney is reabsorbed along the nephron to maintain the serum concentration. The mature nephron efficiently reabsorbs most calcium so that only 1-2% of filtered calcium is excreted in urine. 72 Similar to the intestine, renal reabsorption can occur via both paracellular and transcellular pathways. Most filtered calcium, about 70% in the proximal tubule and 20% in the thick ascending limb, is reabsorbed via the paracellular pathway. 23 Microperfusion studies and characterization of the Nhe3 knockout mice highlight the coupling of sodium and water movement to paracellular calcium reabsorption in the proximal tubule and thick ascending limb. 23, 39 The remainder of calcium is reabsorbed in the distal nephron, in particular the distal convoluted tubule and connecting tubule via an active transcellular process. 1, 73 Transcellular calcium reabsorption Active transcellular calcium reabsorption involves apical entry into the cell, intracellular binding and shuttling, and then basolateral extrusion. The transient receptor potential vanilloid 5 (Trpv5) calcium channel is expressed in the distal convoluted tubule and connecting tubule of rat kidney. 74 In rabbit and rodent kidney, TRPV5 colocalizes with intracellular calcium binding protein, Calbindin-D 28K (CaBP28K) as well as PMCA and NCX1. 25, 74, 75 In Trpv5 knockout mice, CaBP28K is dispersed in the cell whereas in wildtype mice, it is more abundant apically, suggesting an interaction between the proteins. 75 Trpv5 knockout and Trpv5/CaBP28K double knockout mice have increased urinary calcium excretion from the distal nephron and maintain plasma calcium levels via compensatory intestinal hyperabsorption of calcium. 76, 77 The Trpv5 knockout and double knockout mice compensate with increased expression of Trpv6 and CaBP9K in duodenum, suggesting a complementary regulation which is likely mediated by increased serum vitamin D 76, 77 CaBP28K knockout mice do not display a phenotype of altered calcium homeostasis. However, CaBP28K/VDR double knockout mice have slowed growth after one month of age. At two months of age, these double knockout mice had decreased tibia and femur length and total, trabecular, and cortical BMD compared to VDR knockout mice. These observations suggest that CaBP28K is not necessary to maintain calcium homeostasis. 78 In human and mouse kidney, PMCA4 is expressed in the distal nephron, and in mice it is most highly expressed in cells with TRPV5. 36 This suggests a role in calcium reabsorption, although its expression is not altered by calcium intake and Pmca4 knockout mice do not display an altered calcium phenotype, thereby inferring a housekeeping role. 36, 79 An Ncx1 knockout model is embryonically lethal due to its importance in cardiomyocyte development. However, work in cell culture models support the idea that NCX1 significantly contributes to basolateral calcium extrusion in the distal nephron. 80, 81 Similar to its role in the intestines, calcitriol, downstream of PTH, increases active calcium reabsorption in the distal nephron via transcriptional regulation (as reviewed in Hoenderop et al. 1 ). In addition, PTH has calcitriol-independent actions on the distal nephron. It increases transcription of Trpv5, Calbindin-D28k, and Ncx as well as directly increases the open probability of the TRPV5 channel thereby increasing calcium reabsorption (as reviewed in Kopic and Geibel 2 ).
Paracellular calcium reabsorption
As in the intestine, paracellular calcium reabsorption across the nephron occurs down an electrochemical gradient or via solvent drag. 23 Cldn2 confers calcium permeability across the proximal tubule. Cldn2 knockout mice have decreased monovalent cation permeability in the proximal tubule and a 3-fold increase in fractional excretion of calcium (FECa). 82 Schnermann et al. also showed that Cldn2 knockout mice have a 22.7% decrease in water permeability of the proximal tubule. 83 Moreover, mice null for the transporter mediating the majority of sodium reabsorption from the proximal tubule, Nhe3, have a 2-fold increase in FECa. Together these results highlight how tightly coupled sodium, water, and calcium reabsorption is in the proximal tubule. 39 What other claudins may contribute to paracellular calcium permeability across the proximal tubule is not known.
In the thick ascending limb, Claudins-16 and -19 localize to the tight junction and form a cation-permeable pore. 84 Cldn14 is expressed in this nephron segment under conditions of increased plasma calcium. It blocks paracellular reabsorption of cations, including calcium. 85, 86 Microperfusion of cortical thick ascending limb from twomonth-old mice showed that a high calcium diet caused increased transepithelial resistance (TER), decreased absolute calcium permeability, and a 3-fold increase in Cldn14 mRNA with no change to Cldn16 or Cldn19 expression. 87 Subsequently, a high calcium diet led to a more than 3-fold increase in urinary calcium to creatinine ratio (Ca/Cr) and a 4-fold increase in FECa. 87 In addition, pharmacological downregulation of Cldn14 expression in wildtype mice decreased total urinary calcium and FECa while microperfusion studies revealed decreased transepithelial resistance and increased cation permeability across the thick ascending limb. 88 Together these studies highlight how paracellular calcium reabsorption can be regulated in the thick ascending limb via altering the permeability of the tight junction.
The calcium sensing receptor (CaSR) is expressed in all segments of the renal tubule; however, expression is greatest in the thick ascending limb (as reviewed in Riccardi and Valenti 89 ). Activating CaSR mutations increase Cldn14 transcription via microRNA thereby causing downstream decreased calcium reabsorption. 88 Disease-causing mutations in the CaSR highlight its important role in the regulation of renal calcium handling. Gain of function mutations result in autosomal dominant hypocalcemia. 90 Conversely, loss of function mutations in the CaSR cause hypercalcemia ranging from benign in familial hypocalciuric hypercalcemia (FHH) to potentially fatal neonatal severe hyperparathyroidism (NSHPT). 90 The potential role of the CaSR in mediating alterations in renal calcium handling during postnatal development has, however, not been determined.
Changes to renal calcium reabsorption during postnatal development
Studies in humans and mice highlight the existence of changes in renal calcium handling with age. Table 2 summarizes the changes in expression of molecules implicated in renal calcium reabsorption throughout postnatal development. Premature and low birth weight infants have a high incidence of renal calcifications on ultrasound. This is likely due to their urine calcium excretion that can be 3-fold higher than the upper limit of normal for term infants. 91 In healthy children, urine Ca/Cr declines by 50% between one month and two years of age with a further reduction to 30% of neonatal values by 10 years of age. 92 In a Swedish cohort, urine Ca/Cr was significantly higher in children aged 2-6 compared to children aged 7-18 and it significantly declined from 2 to 18 years of age. Importantly, urine Ca/Cr values did not correlate to milk intake suggesting inherit underlying differences in tubule transport physiology. 93 Microperfusion of mouse proximal tubules shows a 36% reduction in relative sodium permeability (P Na /P Cl ) and a 200% increase in relative bicarbonate permeability (P HCO3 /P Cl ) from 10 days of age to adult age in mice. 94 Together, these studies strongly suggest developmental changes in renal tubular calcium handling. Figure 2 illustrates current evidence of altered renal calcium reabsorption during suckling and post-weaning.
Few studies have investigated the molecular details of how renal calcium reabsorption changes with age. In mice, Note: Ages refer to age of rodent animal models. ND: no data
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Lumen TAL DCT/CNT Figure 2 Renal calcium reabsorption during suckling and after weaning. An illustrative representation of the current knowledge. The leftward arrow indicates net movement of calcium from lumen to serosa represents reabsorption. The thickness of the arrow represents relative reabsorption between tubule segments and ages. The dashed line indicates that reabsorption is inferred from expression studies or limited functional studies. Weaning is at 21 days in rodents. PT: proximal tubule; TAL: thick ascending limb; DCT: distal convoluted tubule; CNT: connecting tubule. (A color version of this figure is available in the online journal.) mRNA of Trpv6 in the kidney is highest at one week and declines 3-fold by three weeks of age. Conversely, Trpv5, CaBP9K, and CaBP28K mRNA increases by at least 2-fold from one week of age to peak at three weeks with a subsequent decline of 30% by six weeks of age. CaBP9K and CaBP28K protein expression follows a similar pattern. 56 TRPV5 and CaBP28K expression declines further after 10 weeks while Trpv5 mRNA expression is not different from 3 to 12 months. 95, 96 Trpv5 knockout mice at 10 weeks have increased intestinal calcium absorption by in vivo assay. 95 It may be that, if the renal tubule is unable to reabsorb calcium in the young, the intestine compensates via hyperabsorption to ensure a positive calcium balance is maintained. Together, these studies suggest that transcellular calcium reabsorption is highest during suckling and then declines through maturation. A higher FECa at early ages suggests that there are also changes to the paracellular pathway. Indeed, at one day of age, expression of Cldn6, Cldn9, and Cldn13 is detected in the kidney, whereas no expression is detected in adult kidney. 94 When overexpressed in a kidney cell model, CLDN6 and CLDN9 led to increased TER and decreased permeability of chloride, P Na /P Cl , and P HCO3 /P Cl . 97 If cation permeability is indeed reduced across the proximal tubule of neonates due to altered claudin expression, this may explain the increased calcium excretion observed at young ages. However, further research is needed to clearly delineate the postnatal developmental changes that occur in renal tubule calcium transport.
Summary and Future Directions
Overall, the current literature highlights knowledge gaps in how intestinal calcium absorption occurs early in postnatal life in order to maintain a positive calcium balance. The roles of the transcellular and paracellular pathways vary significantly with age, although this has not been precisely delineated. Moreover, the contribution of individual segments of the small and large intestine during growth has not been determined. Expression patterns and further functional studies throughout postnatal development are needed, as is further attention to the signals conferring these changes. Similarly, developmental changes in renal calcium reabsorption have only been partially explored and more work investigating why infants and young children have much greater urinary calcium excretion warrants further attention.
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